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[January, 20, 1953] Nerve Trunks as Pathways in Infection PRESIDENT'S ADDRESS By Professor G. PAYLING WRIGHT, D.M., F.R.C.P. THE routes and mechanisms by which micro-organisms and their toxic products may be disseminated in the body have presented many problems of great interest to pathologists. For manifest reasons, such studies have centred mainly on the circulating fluids in blood and lymph vessels, but evidence has gradually strengthened that in some infectious diseases other pathways may assume a more dominant role. The great nerve trunks of the body provide far-reaching connexions between vulnerable peripheral structures and the central nervous system, and it is hardly surprising that early in the study of the pathogenesis of infections of the brain and spinal cord, suggestions should have been made that noxious agents could pass centripetally by these routes. As with many subsequently fruitful concepts, early expressions of the belief that nerves might serve for the conveyance of such material agents as well as of nervous impulses, took the form of nebulous suggestions. In his historical account of the growth of ideas on the movements of viruses and toxins in peripheral nerves, Doerr (1936) attributes to Kriigelstein, whose monograph on rabies appeared in 1826, the first mention of a possible ascent of the noxious agent along a nerve trunk. With diseases that bear such obvious resemblances as rabies and tetanus-their typical appearance after bites and wounds and their main signs dramatically focused on the nervous system-it is hardly surprising that parallels were drawn as to their pathogenesis. Thus in 1836, in his well-known "Treatise on Tetanus", Curling discusses rabies and tetanus and remarks that the noxious agent "is confined for an indefinite time to the nerves of the part injured, being transmitted at some subsequent period to the medulla (spinalis), and thus exciting the disease". It is clear that the idea that nerve trunks form potential conductors of pathogenic agents to the brain and spinal cord had already found a place in Pathology more than a century ago.
The Structural Components of Nerve Trunks which might serve as Conduits Histological examination ofany large nerve trunk shows that within its outer tunic-the epineuriumare several discrete nerve bundles, each of which in turn is surrounded by a layer of connective tissue termed the perineurium. These successive fibrous sheaths thicken as the spinal cord is approached, but their existence can still be made out in the distal ramifications of the trunk. Inside the perineurium, and supported by the delicate connective tissue of the endoneurium, lie the nerve fibres themselves, each enclosed in its myelin sheath, Schwann cell envelope and fibrillary neurilemma.
Lymphatics as potential conduits.-There are few accounts of the occurrence of lymphatics in the larger nerve trunks. Defrise (1930) failed to find endothelial cell-lined channels inside the perineurium -all such vessels were contained within the substance of the epineurium. St6hr (1928) bluntly stated that nerve trunks contain no lymphatics internal to their perineurium, but gave no supporting references. The clarification of this morphological point is important for the present problem, because the assumption has sometimes been unjustifiably made that substances carried along neural lymphatics eventually reach the subarachnoid space of the spinal cord. Abel and his colleagues have been at pains to dispel this error (Abel, Evans, Hampil and Lee, 1935; Abel, Hampil and Jonas, 1935) . They emphasized that the only true lymphatics of nerve trunks lie outside the perineurium, and that these are no exception to the general rule for such vessels in that, as they approach the vertebral column they unite to form. collecting channels which converge on the regional lymph nodes.
While it now seems that no direct pathways link the epineural lymphatics with the subarachnoid space, injection studies made recently by Brierley and Field (1948; Field and Brierley, 1948a, b) have disclosed the possibility of connexions of a more devious kind. They found that when finely divided indian ink particles are injected into the subarachnoid space, they collect in black aggregates in the arachnoid culs-de-sac round the emergent nerve roots, and may be traced thence to the prevertebral lymphatics. Since the direction of flow of fluid in these minute channels is determined by pressure differences between the subarachnoid space and the abdominal lymphatics, it may be assumed that any flow ordinarily takes place from the former to the latter. The assumption that noxious or Proceedings of the Royal Society of Mledicine 20 other material can be conveyed from the periphery to the spinal theca by lymphatics thus implies that at times a retrograde flow can develop along these small, newly observed, connecting channels. Brierley and Field have been able to induce such a reversal of flow by raising the pressure in the abdominal lymphatics to about 15 mm.Hg, a value which is unphysiological but by no means inconceivable in pathological states. Under these abnormal conditions, ink particles can pass from the pre-vertebral lymphatics to the dorsal root ganglia and near-by theca. From anatomical studies, therefore, it seems that while the neural lymphatics provide no direct pathway to the spinal theca, circuitous routes may be opened should the usual pressure gradient between the subarachnoid space and the abdominal lymph trunks become reversed.
Tissue spaces between individual nerve fibres.-Carefully to be distinguished from the lymphatics proper are the tissue spaces that lie between the separate nerve fibres. These are the homologues of the tissue spaces found elsewhere in the body, though in their great uninterrupted length and almost unvarying calibre they possess two features that render them unique. It is difficult to determine by direct measurements on histological material what proportions of the cross-sectional area of a nerve trunk are occupied by fibres and by tissue spaces respectively, because of the shrinkage errors associated with the technical treatment of the tissue. Recent observations by Causey (1948) , however, provide data from which an estimate is possible. His experiments were designed to examine the effect of pressure, applied externally by a mercury sleeve to a nerve trunk, upon the size of the individual fibres. Since the compressed length of nerve and the uncompressed parts above and below were all later prepared for histological examination by the same method, it is reasonable to assume that shrinkage errors did not invalidate their subsequent comparison. The effect of the pressure on the over-all size of the trunk can be well seen in the photomicrographs that Causey has published (see Fig. 1 ). It is possible,
The effects of pressure applied externally upon the size of nerve trunks and their constituent fibres. Nos. 1, 2, 3 and 4, 5, 6 are photomicrographs of transverse sections (stained with Weigert-Pal's method) of the nerve to the medial head of the gastrocnemius muscle of two rabbits; in the former a pressure of 560 rmm.Hg and in the latter one of 150 2 s mm.Hg was applied for ten minutes at sites 2 and 5 respectively. (From Causey, 1948, with permission.) however, to proceed further with this data and extract from it the different proportions to which this compression is borne by the fibres and the other parts of the trunk respectively. In Table I , I have set out in summary form the varying degrees to which the whole trunk and its constituent fibres shrink under external pressure. 63 77 Causey's observations show that both the trunk as a whole and its individual fibres shrink with compression, but the former more so than the latter. Such a proportionate difference can happen only if a large fraction of the interior of a normal trunk is occupied by some expressible tissue fluid lying in its interstices; the clefts between the fibres must therefore be accepted as real and not as merely potential spaces. How slight is the mutual adhesion between the fibres can also be appreciated from the readiness with which these orientated channels open up to provide a passage for fluids injected directly into the interior of the trunk (Fig. 2) . The same ease of separation can also be seen in sections of oedematous nerves or trunks undergoing infiltration with neoplastic cells. Later on, I shall discuss evidence that under natural conditions these spaces can serve as conduits for centripetally moving fluid. The axons.-Last amongst potential conducting pathways in the trunk are the axons themselves. These cytoplasmic filaments vary in diameter from one to twenty microns, and form strands of protoplasm which run without interruption from the brain or spinal cord to distal terminations in sensory and effector organs. It is unquestionably this element of continuity that has inclined so many investigators to regard them as the most likely conduit for conveying neurotropic viruses and toxins over long distances. Two aspects of the intimate structure of the axon at present concern us: firstly, the physical consistence of its contents, and secondly, the possibility that it may contain formed elements that might promote or retard the passage of material along its interior.
De Renyi (1929) examined the consistence of axoplasm in both the relatively small nerve fibres of vertebrates and the larger ones of some invertebrates. With the former, he was able to strip its sheath from the axon with microdissection needles-a procedure which revealed the latter as a gelatinous strand which, even after being torn into lengths, still retained a rod-like shape. If a rent were made in such an axon, no fluid was seen to escape from the site of rupture. De Renyi reached the conclusion that vertebrate axons have a semi-solid consistence such as would preclude the likelihood that any of its protoplasm could stream along the fibre. On the other hand, he found that the axons of the larger invertebrate nerves contained a viscous fluid resembling egg albumen in consistence. When he punctured its membrane, the axoplasm flowed slowly out into the surrounding fluid. This escape of axoplasm could be detected because it contained fine refractile granules, which could be seen to approach from near-by reaches of the fibre and to emerge at the hole made in its membrane; this observation strengthened his belief in the fluid nature of invertebrate axoplasm. It is needful to point out these differences in the consistence of the axoplasm in the nerves of different species because, largely by reason of experimental advantages attaching to their relatively enormous diameters, neurophysiologists have recently given much attention to the giant fibres of some invertebrates. De Renyi's observations have shown that caution must be exercised before these latter findings are applied without reservation to the structure of the vertebrate neuron.
The possibility that axons possess some internal fibrillary structure was advanced more than a century ago, and has ever since provided a notable field for controversy in neurohistology (see reviews by Parker, 1929, and by De Renyi, 1932) . Recently, mainly by the aid of electron-microscopy, further attempts have been made to clarify a problem in morphology that has long defied ordinary visual methods. Unfortunately, an approach which at first seemed promising has yielded little result. The necessary techniques still require both fixation and desiccation of tissues preparatory to observationprocedures which are naturally suspect in any search for the ultramicroscopic structure of living cells. Moreover, the recent recognition by Schmitt and Geren (1950) that the structures they had regarded and described as "neural tubules" were artefacts which had arisen from contamination with connective tissue fibrils from the sheath has cast a shadow over most of the earlier studies.
To summarize, all that can at present be inferred about the possibility that vertebrate axons may serve as conduits for the ascent of toxins and viruses, is that while no internal structures have yet been found that might prove insuperable obstacles to such movements, the semi-solid, or at least highly viscous, consistence of their protoplasm discourages any belief that foreign material can be carried for long distances in relatively short times by streaming or circulation of the axoplasm.
Nerve Trunks as Pathways for the Centripetal Movement of Fluid From this brief summary of the structural elements of nerve trunks, I shall now turn to review from a more dynamic standpoint the evidence that they provide a pathway for the centripetal movement of tissue fluid and of any foreign material dissolved or suspended in it. This problem has been attacked by many investigators, and it is natural that most of them should have adopted the apparently simple approach of observing directly any displacement of some coloured or radio-opaque material injected beneath the perineurium of some major trunk such as the sciatic nerve of the rabbit. Such experiments have been justly criticized on several grounds. It has often been pointed out that much of any shift might well have resulted from the act of injection itself. In such studies, it is sometimes forgotten that the application of a subjectively small force to the plunger of a tuberculin syringe generates pressures, even at the orifice of the needle, that are far in excess of any ever present physiologically in the tissues. The ease with which indian ink can be propelled along a large nerve trunk shows how easily it can be made to serve as an artificial conduit, but it provides no demonstration that under physiological conditions its tissue clefts contain a current of fluid. Moreover, some of these studies are vitiated from the start by the relatively enormous volumes of fluid injected. To force 200 c.mmsometimes even 500 c.mm.-of fluid into a rabbit's nerve trunk about 1 mm. in diameter, and already largely occupied by its own nerve fibres, is a travesty of experimentation. Further, the choice of injection fluid has not always been happy. Dyes readily become attached to tissue components and immobilized accordingly, suspensions tend to conglutinate and form obstructive masses, while radioopaque oils have much higher viscosities than the natural tissue fluids. Attractive though the use of intraneurally injected coloured materials may seem, the method is too crude in design to contribute effectively to answer the prime question: How can foreign material be carried in nerve trunks for long distances from some distant site in the tissues to the central nervous system?
To gain an insight into this problem, it is essential, I believe, to introduce the foreign material into the tissues innervated and not into the interior of the regional nerve trunk itself. The operative procedures entailed by intraneural injections into such trunks as sciatic nerves in rabbits inevitably cause serious disturbances in these small delicate structures at the very time when they should be maintained under conditions as nearly physiological as possible. It is important also to use some indicator material whose presence can still be detected even though, through admixture with tissue fluid, it may only be present in the tissues at a high dilution. Such stipulations severely reduce the number of acceptable agents. I shall discuss two: (1) radio-tracer marked homologous proteins, and (2) the exotoxin of tetanus.
(1) The use of radio-isotopes for marking purposes makes it possible to carry out experiments such as the following in which both small volumes of inocula are needed and minimal trauma inflicted. Wright, Morgan and I have found that if a small volume of a solution of lightly radio-iodinated rabbit's serum proteins is injected into the calf muscles, it is possible to trace the subsequent ascent of the radioactive material along the sciatic nerve trunk. In Table II killed at various intervals after inoculation, the radioactivities of whose excised regional muscles and nerves were separately determined. To exclude the possibility that the radioactive material might have been widely distributed to other parts of the body by the circulation, control determinations were made on the corresponding muscles and nerves of the opposite hind-leg. It can be seen from this table that the radioactivity of the muscle at the inoculated site tends to fall progressively during the ensuing twenty-four hours. Meanwhile, that of the sciatic nerve, taken as a single undivided trunk, rises at about six hours to a maximum which was materially higher than the value found at this time for the inoculated muscle. The simplest explanation for this finding seems to be that the sciatic nerve trunk is acting as a conduit for the escape of the marked material. While these results support the belief that soluble material inoculated into a relatively large and active muscle ascends its motor nerve trunk, they admittedly provide no proof that this transference takes place along the tissue spaces inside the perineurium rather than through the true lymphatics in the epineurium, which, during dissection, are necessarily removed together with the nerve trunk itself. However, it may reasonably be advanced against this latter possibility that pieces of muscle removed from the thigh on the same side, which presumably also contained lymphatic vessels running centrally from the inoculated site, displayed comparatively little radioactivity.
(2) I shall consider the evidence for centripetal neural transmission of tetanus toxin in greater detail for two reasons: firstly, because many of our ideas about this mode of dissemination of pathogenic agents in the body developed originally from attempts to explain the remarkable regional limitations of the characteristic spasticity of local tetanus in man and animals, and secondly, because the interpretation of the innumerable experiments carried out with this fascinating toxin has provided some of the most controversial literature in bacterial toxicology. I shall begin with a quantitative consideration which seems to me to be of paramount importance for understanding the pathogenesis of local tetanus in a susceptible animal such as the rabbit-the almost homoeopathic dose of the toxin needed to evoke striking spasticity in an affected limb. In some experiments, we could produce hind-limb tetanus consistently by inoculating a solution which contained 100 p.g. of our dried toxin into the calf muscles. From the comparative lethalities of this preparation and of the highly refined one made by Pillemer and his colleagues (1948) , it seems probable that orefive-hundredth of our fairly active dried material is actually toxin. Even though this fraction is only roughly evaluated, it gives an indication of the order of difference in potency between the two toxin preparations. It thus transpires that the full syndrome of local hind-limb tetanus in rabbits can develop forty-eight to seventy-two hours after the injection into the calf of less than 1 ,ug. of active toxinperhaps much less, for Pillemer's preparation may still contain inactive ingredients. No other material has yet been used to study fluid movements in nerve trunks that is able to register effects in such minute amounts. Mulder (1938) , who criticized trenchantly the tendency of former investigators to use excessive quantities of dyes and other materials in intraneural injections, himself never used less than 250 ,ug. of potassium ferrocyanide, and more often he used 10,000 pg. in his inocula. It is this exceptional ability of tetanus toxin to register effects that places it in a widely different category from any other soluble material hitherto used in the study of this problem.
Evidence for the centripetal movement of tetanus toxin in regional nerve trunks has been collected over more than half a century by many investigators. It would take too long now to review the many contributions of those authors who have felt satisfied that their experimental findings could best be accounted for on this hypothesis. It would seem better to examine and test the strength of some of the objections that have been raised against it.
In recent years, the strongest criticisms of the nerve-carriage theory for this toxin have come from Abel and his colleagues at Baltimore, who have turned back to the old idea of Vaillard and Vincent (1891) that local tetanus is essentially an intoxication at the regional myoneural structures. To guard myself from any charge of lack of objectivity in summarizing their views on this controversial matter, I will quote the relevant extract from Topley and Wilson (1946, p. 1753) . "Briefly, these workers object to the hypothesis of axis cylinder carriage on the ground that (1) there is no evidence to show that the axis cylinders ever contain tetanus toxin; (2) there is no known mechanism that will explain how the toxin is transported in the axis cylinders, often for long distances, to the central nervous system; (3) the injection of a sub-lethal dose of toxin directly into the sciatic nerve of the dog does not give rise to tetanus, provided measures are taken to prevent the escape of the toxin into the surrounding tissues; and (4) the injection of antitoxin into the sciatic nerve, provided none leaks into the surrounding tissues, does not prevent the development of local tetanus after injection of toxin into the muscles of the leg. A second hypothesis, which has been held by some workers, that the toxin is carried to the central nervous system by the endoneural and perineural lymphatic vessels, seems to be ruled out on anatomical grounds." I shall consider these objections, which Abel applied equally to all theories of nerve trunk carriage, in the reverse order from that given in this quotation. I have searched the Baltimore publications carefully for experimental evidence that the proximal intraneural injection of antitoxin fails to prevent the onset of local tetanus after a distal intramuscular inoculation of the toxin. This failure in prophylaxis runs directly contrary to the success of Meyer and Ransom (1903) , Sawamura (1909) , Permin (1914), Teale and Embleton (1920) and others in experiments of this design. Abel's evidence (see Abel, Firor and Chalian, 1938, p. 383) appears to be condensed into a single representative protocol in which it is stated that 6 c.mm. of a diluted antitoxin solution were injected high into the sciatic nerve trunk of a dog, and that toxin, in doses one-sixth the immunological equivalent, was injected simultaneously into the muscles of each lower leg. Four days later, local tetanus appeared in both hind-limbs. In this experiment, Abel seems tacitly to have assumed that whatever happened to the toxin, the antitoxin would be retained at the site of its inoculation, and to have drawn the inference that the toxin could not have ascended to the lumbar cord along the sciatic nerve trunk because his small inoculum of antitoxin barred this pathway. But if the toxin moves in this direction, so does the antitoxin, as we have shown in experiments in which the lumbar cord was protected against intoxication even though the antitoxin was injected into the sciatic nerve on the opposite side. The most reasonable explanation for this finding of Abel and his colleagues would seem to be that both the antitoxin and the toxin had moved centripetallythe former well in front of the latter-and that by the time that the toxin had reached the lumbar cord in his dogs several days after its inoculation, the antitoxin, initially in slight excess but with no comparable affinity for nerve cells, had become so diluted and dispersed elsewhere in the body that it no longer sufficed to prevent the regional intoxication of the cord.
The assertion by Abel and his associates (Abel, Hampil and Jonas, 1935) that an injection of a sublethal dose of tetanus toxin into the sciatic nerve is not fqllowed by local tetanus is opposed to the observations of many previous investigators and is difficult to reconcile with their own protocols.
In Table III of toxin used. It can be seen here that more than half of these 13 dogs whose sciatic nerves had been injected with toxin developed stiffness of their limb, and that there is a good correlation between the appearance of this sign of tetanus and the size of the inoculum. Furthermore, the immediate postoperative treatment of the dogs appeared to influence the course of the intoxication: those animals that were, to use their words, "placed in a cage in order to restrict activity" seemed less likely to develop stiffness than those which were "allowed to run free in the paddock". The significance of such differences in the freedom of exercise permitted after inoculation will be more apparent later when the effect of contraction of a muscle on the pressure of its tissue fluids is considered. From an examination of these detailed protocols, I am unable to accept Abel's contention that the injection of toxin into the sciatic nerve is not followed by local tetanus. Conspicuous amongst the arguments levelled by Abel and his colleagues against the view that tetanus toxin is carried centripetally through the tissue spaces of motor nerve trunks has been his contention that "the tissue pressure at peripheral points is not of sufficient magnitude to move solutions through such narrow spaces" (Abel, Evans, Hampil and Lee, 1935, p. 107) . He emphasized this when he stated (Abel, 1934, p. 123) : "We should have to take into consideration known facts in respect to the pressure of the cerebrospinal fluid which in the lumbar theca of a man in the recumbent position varies from 80 to 120 cm. (this is presumably an error-it should be mm.), in terms of Locke's solution, and then enquire whether an individual with the natural disease, say of the foot, would ever develop such an enormous increase of the normal tissue pressure of his foot (2 to 6 cm.) as would be necessary to propel the toxin from the foot to the subarachnoid spaces of the cord-even if there were a direct and open pathway or channel to the cord." It is clear from this extract from one of his papers, that Abel was unaware of the heights to which tissue fluid pressures can rise even under quite ordinary circumstances. Drinker and Field (1933) recorded the pressure in an unobstructed lymph trunk in a dog's hind-leg, and found that when the limb was passively flexed and extended, it rose to over 600 mm. of Locke's solution-that is some five to seven times Abel's estimate for that of the cerebrospinal fluid. With active exertion, the tissue pressures in the belly of a muscle may rise much higher. Barcroft and Dornhorst (1949) found that in voluntary contractions, the calf muscles in man are able to expel their contained blood towards the heart even when a pressure of 1,000 mm. of Locke's solution is applied on the thigh above by means of a sphygmomanometer cuff. Baylis, Deuchar and I recorded the rise in the tissue pressure in the human soleus muscle on a far from maximal effort, and found it to exceed 750 mm. of Locke's solution. Abel's assumption that no pressure gradient can ordinarily be created that could propel fluid from peripheral muscular structures to the central nervous system is thus unfounded. Everyone while undertaking even the mild exercise of walking is producing such a gradient many times every-minute.
After having dissented from him so often, it is gratifying to find agreement with Abel in his disbelief in Meyer and Ransom's thesis that the axis cylinders provide an intracellular conduit for this toxin. Like him, we can find no evidence for any fluid current in the axoplasm of these slender filaments, and it could only be by some mass movement of protoplasm that transport could be effected. Diffusion alone can certainly be excluded-experiments such as those of Elek (1949) on toxins in agar gels show clearly that not even under favourable conditions could diffusion carry the toxin sufficiently far in the time interval that elapses between inoculation and the onset of spasticity. The most direct evidence that excludes axonal carriage is that obtained in some experiments made by Baylis, Mackintosh, Morgan and myself (1952) with a form of nerve sclerosis which leaves most or all of the motor fibres still functional (see Tables IV and V) . When toxin was injected into the calf muscles distal to this sclerosis, no local tetanus followed, but when it was subsequently inoculated directly into the nerve trunk proximal to the sclerosis, the limb became typically spastic. In my view, this precludes the possibility that the toxin can ascend within the axoplasm of the motor fibres.
The Pathogenesis ofLocal Tetanus
It is fitting that I should end this short review of local tetanus with a profession of my own belief in its pathogenesis. Tetanus is an intoxication that is highly distinctive in two respects: it is caused by a toxin whose lethal power is almost unique and it is restricted (apart from the cholinergic nerve endings in the iris described by Ambache, Morgan and myself, 1948a and b) to structures in the central nervous system. These distinctive properties of the toxin render it, I believe, quite the most delicate indicator that we yet possess for demonstrating the transport of materials along motor nerve trunks. For reasons which I have already given, I cannot accept the view that this centripetal movement takes place within axons; instead, I believe that it is conveyed by tissue fluid currents in the spaces between the nerve fibres themselves. Such a directed flow can only take place as a result of a pressure gradient from periphery to centre, and this I think arises from the elevation of tissue fluid pressure now known to occur in the interior of a muscle on contraction. Since no comparable rise is known to take place under ordinary circumstances in subcutaneous tissues, no parallel directed movement is recognizable in cutaneous nerves-an inference in accord with the common experience of Meyer and Ransom (1903), Zupnik (1905) , Sawamura (1909) and others, that local tetanus does not follow the injection of the toxin into structures innervated solely by sensory nerve fibres. Local tetanus, possibly succeeded by ascending generalized tetanus, can therefore be expected to develop when a depot of toxin is present inside a voluntary muscle mass either as a result of experimental inoculation or of local formation by infecting clostridia. Descending tetanus, on the other hand, appears when the great bulk of the toxin is located in structures other than voluntary muscle and becomes distributed to other parts of the body, and eventually to the cerebrospinal axis, by circulating blood and lymph "Hodogenesis" and Neurotropic Viruses With some diffidence, I now turn to consider, from a similar functional standpoint, the kindred though more difficult questions raised by the distinctive behaviour of those viruses whose main arena of action is the central nervous system. The term "hodogenesis" was coined thirty years ago by Marinesco to provide a single useful descriptive word to cover the mounting number of instances in which it had become apparent that the particular segment of the cerebrospinal axis at which a noxious agent, such as a neurotropic virus, gains access, often corresponds with the anatomical pathway provided by the nerve trunk that connects it with the primary portal of entry. By implication, the assumption was tacitly made that the nerve trunk itself constituted the guiding conduit for the carriage of the material agent concerned. The onset of local tetanus in muscles round a wound infected with Cl. tetani exemplifies hodogenesis in the broader sense of Marinesco's term. In experimental studies on neurotropic viruses, such as those of rabies, pseudo-rabies, poliomyelitis and herpes, the concept of hodogenesis is particularly well illustrated. In these latter instances, moreover, there can be no doubt about the centripetal passage of the agent itself, for both the recoverability of the virus from the regional segments and the striking histological signs of local injury provide an irrefutable demonstration that the virus itself is carried to the damaged portion of the central nervous system. Because the concepts of hodogenesis and nerve trunk transportation seem to have much in common both for local tetanus and for infections with neurotropic viruses, and since investigators have traversed much the same ground in their search for some physiological mechanism that might account for them all, I shall briefly consider what light they may throw on one another.
Axonal carriage of viruses.-Ever since Goodpasture and Teague (1923) in the United States and Marinesco and Draganesco (1923) in Rumania published almost simultaneously thirty years ago their analyses of the herpes encephalitis of rabbits that follows inoculation of a scarified cornea, the mode of transport of the virus from the eye to the brain has been in dispute. Both groups of investigators agreed that it followed a neural pathway to the medulla oblongata, but whereas Goodpasture and Teague thought that it probably ascended through the axons of the sensory division of the trigeminal nerve, Marinesco and Draganesco considered that it was more likely that it was carried centripetally along the spaces between the fibres of this nerve trunk. The same problem and dilemma thus emerged for the neurotropic viruses as had previously posed themselves to the student of local tetanus.
In sustaining his belief, Goodpasture (1925) placed much weight on some observations he made during a histological study of the early lesions in the brain-stem of rabbits that followed an inoculation of the masseter muscle with herpes virus. Seeking for signs of injury as indicators of the route taken by the virus, he could find little damage in the motor division of the trigeminal nerve, in the meninges round the site of its emergence from the brain-stem, or in the immediately subjacent neuroglial cells, although the cells that composed all these structures were vulnerable to its action. At the stage of the infection when these portions of the nervous pathway appeared uninjured, however, the neurons that composed the trigeminal motor nucleus showed signs of serious damage. The essence of Goodpasture's argument was that the absence of evidence of injury to the susceptible meningeal and neuroglial cells could best be interpreted by assuming that the virus had been carried past themcanalized, as it were, in the axoplasm of the entering nerve fibres. Had the virus arrived by way of the tissue spaces of the nerve trunk, to be released in the interstices of the glia just beneath the meninges he would have expected that the near-by glial and meningeal cells would have incurred the brunt of the attack and have shown signs of damage accordingly. Apart from Goodpasture's work on herpes encephalitis, the firmest support for the theory of intraaxonal carriage has been provided by Weston Hurst (1930 . In an illuminating study on the spread of poliomyelitis virus in the nervous system of monkeys that followed inoculation of the left sciatic nerve trunk, he could trace its spread from the nerve to the lumbar cord and soon afterwards to the leg area of the right motor cortex of the cerebrum. Thus, the decussation of the descending pyramidal motor tracts in the brain-stem seemed to be associated with a corresponding crossing in the path taken by the ascending virus-a correlation whose attractiveness for the theory it would be impossible to overlook.
Although the theory of axonal carriage has been advanced persuasively by its supporters, there seem to be substantial reasons standing in the way of its acceptance. Firstly, it has been found that the poliomyelitis virus can spread from the lumbar to the cervical enlargement even after a transection in the dorsal region that not only widely separates the two parts of the cord but also effectively obliterates the near-by subarachnoid space. Howe and Bodian (1942, p. 84) also found that even the additional cutting of the paravertebral sympathetic nerve chains at the same time as the cord failed to prevent the spread upwards of the virus, and in defence of the axonal theory they were constrained to suggest that in such monkeys it may pass first to the wall of the gut where in Meissner's and Auerbach's plexuses it can come into contact with pre-ganglionic fibres of the vagus nerve and thence ascend to the brain. The belief that this virus can thread such a maze in the short period of a few days seems to me to place too great a strain upon credulity, and urges us to seek for some simpler explanation. Secondly, from observations of Howe and Bodian (1942, p. 18) on the centripetal movement of poliomyelitis virus in monkeys' sciatic nerves, it would seem that it can ascend them at a rate of between 2 and 3 mm. an hour, and the hypothesis of Weston Hurst for the movement of this virus in the pyramidal tracts would lead to much the same conclusion. What force could propel these virus particles for a distance some ten or more times their own diameter every second through a matrix that is at least viscous and may be semi-solid has not, as far as I know, yet been suggested. Since it seems inadmissible to invoke any concept that involves a mass movement of the axoplasm within the fibre, the theory must, it would seem, have recourse to some form of creeping canalized replication of the virus, perhaps in the form of still smaller specific elements, along the interior of the axon. Lastly, it seems difficult to believe that a virus which is known to be so destructive to nerve cells as that of poliomyelitis can thrive and spread inside an axon without in some way impairing its ability to conduct nervous impulses. Yet in Weston Hurst's experiments, the monkeys whose sciatic nerves had been inoculated with this virus showed no paralysis of that leg until the virus had become recognizable in the lumbar cord. It would seem that a neurophysiological study of the ability of infected nerve trunks to conduct nervous impulses, on the lines of that made by O'Leary and his colleagues (1932) , might throw further light on this aspect of the problem.
Nerve tissue spaces as pathways for neurotropic viruses.-This rival theory of Marinesco and Draganesco (1923) was also chiefly based on a careful histological exploration ofthe intervening nervous tract from periphery to brain in rabbits whose corneas or masseter muscles had been inoculated with herpes virus. After an infection of the eye, they could trace a chain of inflammatory foci by way of the ciliary and gasserian ganglia to the brain-stem itself (Fig. 3) . From the apparently interstitial situation of these lesions, they inferred that the virus had spread along this path by way of tissue spaces. In 1932, they returned to the problem, and repeated Goodpasture's experiments on masseter inoculations-again with discordant results. In their rabbits, the gasserian ganglion was always infiltrated with inflammatory cells, and though they sought specifically for evidence of damage to the trigeminal motor nucleus, they found none. Instead, the trail of injury showed that after it had f7c>t;-* * n zdv t9 .. 3. -Diagram showing the route by which the herpes virus travels from the cornea along the cdliary nerves (nc), then from the ciliary ganglion (go) and its sensory root (r. oph) to the ophthalmic nerve (n. oph) and the outer part of the gasserian ganglion. In the medulla oblongata a focus of degeneration is seen, in the descending division of the trigeminal nucleus. (From Marinesco and Draganesco, 1923, with permission.) reached the gasserian ganglion, and irrespectively of whether it had come from cornea or masseter, the virus progressed centrally along both the sensory and motor components of the trigeminal nerve. Thus infections with this virus in peripheral structures supplied by branches of either the sensory or motor division of this nerve could lead subsequently to the involvement of both the motor and sensory centres in th'e brain-stem. They could find no evidence of the specificity of route and destination described by Goodpasture and which he regarded as indicative of a directed axonal carriage of the herpes virus. In retrospect, it is difficult to account for the contrary conclusions as to the mechanism of hodogenesis that were reached by two groups of investigators who by a strange coincidence were working simultaneously and independently with the same virus on the same animal preparation. Doerr (1939, p. 733) , in his extensive review of hodogenesis, tried to resolve the disagreement by relating the differing findings firstly to the different strains of virus used, and, secondly, to the fact that Marinesco and Draganesco examined their animals at a later stage of the infection, by which time the virus might have more fully disclosed its pathogenic potentialities. The first suggestion can no longer be tested, but the second, and more likely one, is still open to further experiment and might well repay a reopening of the problem.
FIG.
Marinesco's belief that neurotropic herpes virus passes centripetally along tissue spaces in nerves has, I think, more to commend it than the intra-axonal theory, though the evidence in its favour, recently further supported by , is still only circumstantial. It receives support from the occurrence of typical inclusion bodies in Schwann cells along the course of the nerves in which the virus is known to be ascending. Weston Hurst (1933) found a chain of such infected cells along much, though not the entire length, of the sciatic trunks of rabbits that had been inoculated distally with pseudo-rabies virus. From this he inferred that this virus did move along tissue spaces, though more slowly than up the axons. Similarly, Goodpasture (1925) saw herpes inclusion bodies in Schwann cells in the motor trigeminal nerve after inoculation of the masseter muscle, but he explained this finding differently by supposing that at various points along their course the axon and myelin sheath of the conveying fibres had been damaged to a degree that permitted the local escape of the virus. A further consideration that favours Marinesco's view is that the calculated rates of ascent of viruses are more comprehensible on the assumption of passive carriage by tissue fluid currents in the spaces in the trunk. When the interval between the injection of the virus distally in a limb and the onset of recognizable central sequels is divided, as Doerr has pointed out, into three periods of absorption, transmission and central action respectively, the time taken for transmission for viruses comes sensibly nearer to that found for tetanus toxin.
To set against these favourable considerations, however, are certain experimental findings for whose explanation the theory is less satisfactory. Firstly, there is the observation that the neurotropic herpes virus at least, and perhaps other such viruses, too, can move centripetally in both motor and sensory nerve trunks. Here, parallelism with the hodogenesis of local tetanus seems less complete, for since the work of Zupnik (1905) and of Sawamura (1909) many years ago, it has been recognized that injections of this toxin into sites innervated solely by sensory nerves do not give rise to local tetanus but to that form known as descending tetanus which is typical of a blood stream spread. Yet not only did Goodpasture and Marinesco and their colleagues find that herpes virus could spread along the sensory nerves of the cornea, but Rose and Walthard (1926) also observed a centripetal carriage from infections in the skin of the hind-feet of guinea-pigs. Five to ten days after inoculation, such animals became paralysed, and the spinal cords later showed a typical myelitis. Secondly, interference with the patency of the tissue spaces of a nerve trunk by chemical sclerosis, a procedure which, as I have already pointed out, is effective in preventing local tetanus after a distal inoculation of the toxin, seems to present no such obstacle to the ascent of a neurotropic strain of herpes virus. In some experiments which Wright, Morgan and I made, sclerosis not only raised no barrier to the ascent of a neurotropic (Brussels) strain of herpes virus, but seemed even to have somewhat hastened the onset of the subsequent myelitis (Table VI) . Inferences from this observation must be drawn cautiously, however, for this virus is not exclusively neurotropic, and the newly proliferated connective tissue elements in the zone of sclerosis (Fig. 4) The mtechanism responsible for hodogenesis.-I have now reviewed very briefly some of the problems presented by Marinesco's concept of hodogenesis. Search for the mechanisms responsible for this phenomenon has long exercised the ingenuity of students of infections and intoxications of the central nervous system, and seems likely to engage their interest for many years to come. How far the simpler issues involved in the pathogenesis of local tetanus throw light on the transportation of the neurotropic viruses is controversial, but studies with this toxin have at least provided some positive information that bears on the more complex problem. It has shown with a high degree of probability that small amounts of material can be carried centripetally along motor nerve trunks-not in the axons but in the tissue spaces-and if a directed current of fluid can bear the toxin along these channels, it would seem a reasonable economy in hypothesis to assume that virus too can be carried in the same way. It seems unlikely that a mechanism which is effective for the conveyance of tetanus toxin can be wholly inoperative for virus. For although the quantity of this toxin that is needed to cause a regional intoxication in the spinal cord is minutely small, the amount of a replicating virus required to establish an infection there might well be much smaller. To me, at any rate, it seems that the physiological mechanism of gross oscillations of tissue fluid pressure in certain peripheral structures which probably effects the one, might readily suffice for the other. Conclusion I have reviewed very briefly and with many important omissions a problem in Pathology which has given rise to much speculation and controversy amongst students of tetanus and the neurotropic viruses. Although I realize that many of the points raised may be more of technical than of general interest, I have chosen to speak of the role of nerve trunks in these infections largely because it illustrates particularly well how the search for a coherent explanation in almost any pathological problem requires the integration of material gathered from the whole general body of the medical sciences. Rifts are appearing in the fabric of scientific medicine and show signs of widening yearly. The growing content of each science is placing a severe strain on the powers of its followers to keep pace with its progress. But it seems to me that there is less danger to Pathology from this pressure of increasing knowledge than from the fact that the links which connect it with its kindred sciences, and particularly with Physiology, are becoming more tenuous every year. Each science, and Pathologytoo often synonymous with nineteenth century morphology-more than most, is suffering from an isolation which is largely brought about by our modern tendency to segregate ourselves in specialist societies. We should not,, I am convinced, accept any such narrow connotation for the word "Pathology"'-we should rather interpret it as did Fernel, when just four hundred years ago he gave the name to our science, as including any aspect of medical science that renders the processes of disease more comprehensible. I feel sure that one of the most useful services that this Section can render both to Pathology itself and to Medicine in general is to serve as a forum for speakers with widely different but complementary scientific interests. If it follows this policy, it can do more than any other Section of this Society to bring together those who work in separated academic and applied fields in Medicine, and thus lessen the danger of an insularity of outlook and neglect of the increasingly powerful experimental methods becoming available yearly which must inevitably react to the detriment of progress in Pathology.
